Stationary phase adaptive mutation in Escherichia coli is thought to be a mechanism by which mutation rates are increased during stressful conditions, increasing the possibility that fitness-enhancing mutations arise. Here we present data showing that the histone-like protein,
INTRODUCTION
Bacteria exist in rapidly changing environmental microcosms and are constantly subjected to stresses such as DNA damage and nutrient depletion. As a consequence, bacteria have evolved powerful and efficient mechanisms to respond to these stresses. While these mechanisms may appear to function independently, evidence is accumulating that stress response pathways are more intertwined than previously thought. For example, the RpoSdependent response to nutrient depletion (HENGGE-ARONIS 2002) , and mutagenesis by errorprone DNA polymerase IV (Pol IV), encoded by the dinB gene (WAGNER et al. 1999) , are interconnected (LAYTON and FOSTER 2003) . While most DNA repair functions serve to maintain the integrity of the genetic information, Pol IV activity can introduce mutations into the genome. The resulting genetic fluidity may transiently increase the mutation rate, making the random appearance of beneficial mutations that relieve selective pressures more likely.
Adaptive mutation is one mechanism that affords Escherichia coli such a survival advantage.
It was long thought genome replication was required to generate mutations. However, adaptive mutations occur in nutritionally starved cells when the chromosome is not being actively replicated (FOSTER 1994) . Adaptive mutation is studied most frequently in E. coli strain FC40 (CAIRNS and FOSTER 1991) . FC40 is deleted for the lac operon on the chromosome but carries a constitutively expressed fusion of lacI to lacZ, F(lacI33-lacZ) (BRAKE et al. 1978; MUELLER-HILL et al. 1964) , on an F' episome (F' 128 ). FC40 is unable to utilize lactose as a carbon or energy source (Lac -) because of a +1 frameshift in the lacI region of the fusion that inactivates the b-galactosidase activity encoded by lacZ (CALOS and MILLER 1981) . The Lac -allele is leaky, however, and cells exhibit a low level of lactose metabolism. When FC40 is grown non-selectively, the mutation rate to lactose utilization (Lac (FOSTER and TRIMARCHI 1994; ROSENBERG et al. 1994) . Adaptive Lac + mutations require recombination functions and expression of F plasmid conjugal genes, but not conjugation (FOSTER 2004; FOSTER and TRIMARCHI 1995a; FOSTER and TRIMARCHI 1995b) . Between 50% and 80% of these frameshifts are due to the error prone Yfamily DNA polymerase IV (Pol IV) (FOSTER 2000; MCKENZIE et al. 2001 ).
Although the mechanism by which adaptive Lac + reversion occurs is controversial, our current model is as follows (FOSTER 2004) . We hypothesize that the energy generated by the low level of lactose metabolism in FC40, while not sufficient for chromosomal replication, allows episomal replication to occasionally be initiated from one of the episomal vegetative origins (oriS or oriV). Because of the persistent nicking at the episomal origin of transfer (oriT) by the episome-encoded TraI nickase, the progressing replication fork can encounter a nick, resulting in a double strand break. The blunt end of the double strand break is processed by the RecBCD complex. RecA then binds to the resulting single-stranded DNA and mediates strand invasion of an intact homologous duplex. Next, new DNA synthesis is primed by the PriA primosome and carried out by a combination of Pol II, Pol IV and Pol III using the homologous sequence as a template. Eventually a Holliday junction is formed, translocated by RecG or RuvAB, and resolved by the RuvABC complex, ultimately restoring the replication fork. If during this process error-prone DNA synthesis involving Pol IV traverses the F(lacI33-lacZ) allele, frameshifts that revert the lac allele may arise.
In E. coli, even in the absence of DNA damage, the basal levels of Pol IV are high compared to the replicative polymerase III and other repair polymerases (NOHMI 2006) . Pol IV 6 is further up-regulated in late stationary phase cells under control of the general stress response sigma factor RpoS (LAYTON and FOSTER 2003) . This growth-phase regulation suggests that Pol IV serves some function during long-term survival in nutrient limited conditions. This hypothesis is supported by a study showing that after prolonged incubation in stationary phase, strains lacking Pol IV exhibit no growth-defective phenotype in pure culture, but compete poorly for survival with wild-type E. coli when grown in mixed cultures (FINKEL 2006; YEISER et al. 2002) . Thus, Pol IV may be required to introduce mutations that confer a fitness advantage under adverse conditions (FOSTER 2000) . In order to further explore the mechanism by which adaptive mutation occurs, we searched the literature for proteins that are growth phase regulated and are also involved in DNA related processes. One such protein is the histone like-protein, HU.
HU is a small positively charged DNA binding protein that is highly conserved among bacteria. It is associated with the nucleoid (WERY et al. 2001) and is involved in regulating DNA supercoiling (BRUNETTI et al. 2001; KAR et al. 2005) . In most bacteria HU is a homodimer; however, in E. coli and certain other enteric bacteria, HU is encoded by two paralogous genes:
hupA and hupB, encoding HUa and HUb, respectively (KANO et al. 1988; KANO et al. 1986 ).
Thus, in E. coli, there are three forms of HU: HUa2, HUab and HUb2 (ROUVIERE-YANIV and KJELDGAARD 1979) . The reason for this unique genetic arrangement is unknown; however, the relative abundances of the three forms of HU vary with cell growth-phase (CLARET and ROUVIERE-YANIV 1997) . During exponential growth, hupA is expressed at a higher level than hupB, resulting in a predominance of HUa2. As nutrients become depleted and cells approach stationary phase, expression of hupB is upregulated, and with the increased levels of HUb, the heterodimer HUab becomes most abundant. HUb2 represents only a small component of the HU pool even in stationary phase, leading to the hypothesis that the actual role of HUb is to titrate the relative amounts of the HUa2 homodimer and the HUab heterodimer.
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In addition to this growth phase regulation, the composition of HU is regulated in response to certain stress; for example, HUab is required for long term survival of E. coli in nutrient depleted conditions (CLARET and ROUVIERE-YANIV 1997) , and HUb2 becomes prevalent when cells are cold-shocked (GIANGROSSI et al. 2002) . These results suggest that different forms of HU may serve different functions under different environmental conditions. This possibility is further supported by data showing that the three forms of HU differ in their biochemical properties and activities. The affinities of the three forms of HU for various DNA structures (linear, nicked, and gapped, for example) differ (PINSON et al. 1999) . Also, while HUa2 and HUab can introduce negative supercoiling into DNA (in the presence of topoisomerase I), HUb2 cannot (CLARET and ROUVIERE-YANIV 1997) . The common trait shared by all three forms of HU appears to be the ability to bind to DNA and induce bends ( VAN NOORT et al. 2004) .
HU has diverse physiological roles. Perhaps best-characterized is stabilization of specific protein-DNA architectures during Mu phage transposition (KANO et al. 1989; LAVOIE and CHACONAS 1994) and during repression of the gal operon (AKI and ADHYA 1997; AKI et al. 1996; LEWIS and ADHYA 2002; ROY et al. 2005; SEMSEY et al. 2006) . Mutants defective for HU are more sensitive to UV-light and gamma-ray irradiation than are wild-type cells (BOUBRIK and ROUVIERE-YANIV 1995; LI and WATERS 1998) , suggesting that HU is involved in DNA protection and/or repair. HU also has regulatory roles in E. coli. HU has been shown to have a robust ability to bind RNA (BALANDINA et al. 2002) . In this capacity, HU promotes efficient translation of RpoS by destabilizing secondary structure in the rpoS mRNA that blocks the ribosome binding site (BALANDINA et al. 2001) . HU regulates the abundance of SeqA, a protein involved in preventing reinitiation of chromosome replication . Interestingly, while hupA inactivation results in a 2-fold increase in SeqA abundance, hupB inactivation has little effect.
The mechanism of this regulation is not known.
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Here we report that proper HU composition is required for normal levels of adaptive mutation. HU exerts this effect by an unknown mechanism with Pol IV-independent and Pol IV -dependent components. The HU effect is also independent of RpoS. Our results suggest that HU acts in a pathway with the RecG helicase, providing new evidence for a RecG function in adaptive mutation. In addition to is role in adaptive mutation, HU is required for the increase in mutation rate during growth caused by Pol IV overexpression. In contrast, hup mutations do not cause a substantial decrease in the growth-dependent mutation rate in the absence of Pol IV. These parallel effects of hup mutations on adaptive mutation and growth-dependent mutations suggest that there is a functional relationship between Pol IV function and HU that is important for both pathways.
MATERIALS AND METHODS

Bacterial strains and plasmids
All bacterial strains are E. coli K-12 derivatives and are described in Table 1 . Genetic manipulations were performed as described previously (MILLER 1992) . The hupA::Cm and hupB::Kn mutations were obtained from R. D'Ari (HUISMAN et al. 1989) . These alleles are insertions of chloramphenicol (Cm R ) and kanamycin (Kn R ) resistance cassettes. The DhupA::Kn and DhupB::Kn alleles were made using the l Red recombinase system described by DATSENKO and WANNER (2001) . Linear PCR products containing sequences upstream and downstream of hupA and hupB flanking a Kn To construct PFB612 and PFB613, F -derivatives of FC40 carrying the DhupA::Kn and DhupB::Kn alleles were transformed with the plasmid pCP20 and screened for loss of kanamycin resistance, as described in DATSENKO and WANNER (2001) . The F' episome carrying the F(lacI33-lacZ) allele was then mated into these new strains as described above.
PFG150 was constructed by P1 vir transduction of the rpoS::Kn allele (originally identified as katF::Kn) from strain ZK1000 (BOHANNON et al. 1991) into FC40 selecting for Kn R . PFB236 and PFB243 were constructed by the method described in LAYTON and FOSTER (2003) Tn10 was mated by conjugation with PFB373 selecting for methionine and proline prototrophy into these new strains as well as FCB236.
PFG338 and PFG339 were constructed as described in LAYTON and FOSTER (2003) .
The construction of pPFG96 is described in STUMPF and FOSTER (2005) .
Mutation and viability assays
Protocols and media were performed as described previously (CAIRNS and FOSTER 1991; FOSTER 1994; FOSTER et al. 1996; MILLER 1992) . Rich media were supplemented with antibiotics in the following concentrations: carbenicillin (Carb), 100mg mL in LB broth plus the appropriate antibiotics. 0.1 mL aliquots were distributed in 96 well microtiter plates and incubated overnight at 37ºC. 10 ml samples of 40 independent cultures (microtiter wells) were spread on LB plates supplemented with tetracycline (Tc) and incubated at 37ºC. Tc resistant (Tc R ) colonies arising after 48 hours were counted. Mutation rates were calculated using the Jones median estimator to determine the number of mutations per culture, and then dividing this by twice the total number of cells in the culture, as described in FOSTER (2006) . To confirm that the microaerobic growth conditions in the microtiter wells did not influence the experimental results, the experiment in Figure 6a was repeated with twenty 1 mL cultures incubated with shaking. The results were similar; however, the larger number of cultures used for the generation of Figure 6a increases the statistical reliability of the data. 95% Confidence limits were calculated as described in FOSTER (2006) .
Immunoblots
Standard molecular biology techniques were as described (AUSUBEL et al. 1988) . into M9 minimal medium with glycerol and grown to saturation at 37ºC for about 48 hours. For the immunoblots in Figure 6 , overnight cultures were grown in LB broth plus appropriate antibiotics and then diluted 1:1000 in the same medium but containing only carbenicillin to maintain selection for the plasmid. Cells were grown to mid-log phase (OD 600 ~0.6) without aeration to mimic the microaerobic conditions in the microtiter wells used in assays for growth-dependent mutation rates. In all cases, cells were harvested by centrifugation, resuspended in 1X SDS-PAGE sample loading buffer with out dye and boiled for 15 minutes. Protein concentrations were determined by Bradford assays (Bio-Rad Laboratories) and the volume of each sample required to give 40mg of total protein for Pol IV immunoblots or 25mg for the RpoS immunoblot was diluted into 1X sample loading buffer with dye and loaded onto SDS-12% polyacrylamide gels. Proteins were separated by electrophoresis and then electrotransferred to Immobulin-P membranes (pore size, 0.45um; Millipore Corp.). For Pol IV immunoblots, membranes were probed with rabbit anti-Pol IV polyclonal antiserum (obtained from H. Ohmori). The antiserum was first clarified using acetone powder made from a D(dinB) strain by the procedure described in (HARLOW and LANE 1988) . For RpoS immunoblots, monoclonal mouse anti-RpoS antibody (NeoClone) was used.
Blots were stripped with BlotFresh Western Blot Stripping Reagent (SignaGen Laboratories) according to the manufacturer's suggested protocol and re-probed with mouse monoclonal anti-GroEL antibody (Stressgen Bioreagents). Antibody binding was visualized using alkaline phosphatase-conjugated goat anti-rabbit or goat anti-mouse secondary antibodies (both from Promega, Inc.) and developed using the Western-light chemiluminescence reagent (Applied Biosystems, Inc.). Densitometric analysis was performed using ImageJ software (version 1.36b) (ABRAMOFF et al. 2004) . Because chemiluminescent intensity can be affected by a number of factors, such as the age of the reagents and the length of exposure, the apparent amount of a protein in the same strain can vary between blots. For this reason, band intensities can only directly be compared within a single blot. However, we normalized the band intensities of Pol IV to those of the GroE protein, which was not affected by our manipulations, to allow the amount of Pol IV to be compared among blots.
b-galactosidase assays
For each experiment, four independent cultures of each strain were grown to saturation at 37ºC in M9 glycerol minimal medium supplemented with antibiotics when appropriate. bgalactosidase assays were performed as in MILLER (1992) .
Southern blot analysis
Total DNA was extracted by the method described in PUSHNOVA et al. (2000) and digested with the restriction endonuclease EcoRV (New England Biolabs). DNA fragments were separated by electrophoresis in 1% agarose gels. The DNA was then transferred to ZetaProbe membrane (Bio-Rad Laboratories) by upward alkaline transfer. The membrane bound DNA was then hybridized to [ 32 P] end-labeled lac, traT, and dnaQ probes by the method described in the Zeta-Probe Instruction Manual. The blot was then exposed to a storage phosphor screen (Kodak) and visualized using a Typhoon phosphor imaging system (Molecular Dynamics). Densitometric analysis was performed using ImageQuant TL software 13 (GE Healthcare).
All probes were generated by PCR: the 661 base pair lac probe was generated using the oligos 5'-TGAATTACATTCCCAACCGCGT-3' and 5'-ACCAACGCGCAGCCCGGAC-3'; the 1050 base pair traT probe was generated using the oligos 5'-ATATCAATTTGTTGGTG-3' and 5'-GTCGGACTGATTATTAATG-3'; the 639 base pair dnaQ probe was generated using the oligos 5'-GCTTAAGCGCGATATTCC-3' and 5'-CTTGCGGCTCTCTGAAC-3'. The PCR products were desphosphorylated with shrimp alkaline phosphatase (New England Biolabs) and 5'-end labeled using [g- 
In-gel catalase assays
Assays for catalase activity were performed as described in CLARE et al. (1984) .
Cultures were grown to saturation in M9 minimal medium with glycerol and the appropriate antibiotics. The cells in 1 mL of culture from each strain were pelleted and resuspended in Tris-EDTA buffer (pH 8). Protease inhibitor cocktail (Sigma, P8465) was added to the suspension per the manufacturer's recommendations. Lysozyme was added to a concentration of 1mg/mL and incubated at 37º for 30 minutes. The lysate was cleared by centrifugation for 20 min at 4º. 40mg of total protein for each strain was loaded onto a 12% non-denaturating polyacrylamide gel and separated by electrophoresis. The gel was then soaked in a 50 mg/ml solution of horseradish peroxidase (Sigma-Aldrich, Inc., P8375) in a 50 mM potassium phosphate buffer (pH 7.0) for 45 minutes without agitation. Hydrogen peroxide was then added to a final concentration of 5.0 mM and the gel was allowed to soak without agitation for an additional 10 minutes. The gel was then briefly rinsed twice in water and transferred to a solution of 0.5 mg/mL diaminobenzidine (Sigma-Aldrich, Inc., D8001) in the same phosphate buffer. Staining was carried out until catalase bands were clearly visible and the gel was then rinsed in water.
RESULTS
Inactivation of hupA and hupB decreases adaptive Lac
+ reversion in FC40
To test if HU protein has a role in adaptive mutation, we introduced into FC40 mutant alleles of hupA and hupB interrupted by insertions of drug-resistance cassettes conferring resistance to chloramphenicol (Cm) or kanamycin (Kn) (HUISMAN et al. 1989) . As shown in Figure 1A , cells with the hupA::Cm or hupB::Kn alleles had about a 70% reduction in adaptive mutation. During this experiment the numbers of viable Lac In order to determine if this effect on adaptive mutation was unique to these particular hup alleles, we made null alleles of hupA and hupB by replacing the hup ORFs with kanamycin resistance cassettes using the l Red recombinase system (see Materials and Methods) (DATSENKO and WANNER 2001) . The new alleles, designated DhupA::Kn and DhupB::Kn, resulted in similar reductions in adaptive mutation of FC40 ( Figure 2B ). Double mutations of hupA and hupB have pleiotropic effects (HUISMAN et al. 1989) , and double mutant strains do not grow on minimal media (HUISMAN et al. 1989) . Thus the effect on adaptive mutation of total loss of HU could not be evaluated.
The decrease in Lac + adaptive mutation of hup mutant strains is not due to lower levels of Pol IV Because up to 80% of adaptive Lac + mutations are due Pol IV (FOSTER 2000; MCKENZIE et al. 2001) , the decrease in adaptive mutation of hup mutant strains could be caused by a decrease in the amount of Pol IV. We used immunoblots with anti-Pol IV antibody to compare the amount of Pol IV in various strains that were grown to saturation in M9-glycerol minimum medium. As shown in Figure 2A , the amount of Pol IV was slightly decreased in hupA::Cm and hupB::Kn mutant cells compared to wild-type cells, but both the DhupA::Kn and DhupB::Kn null alleles resulted in slight increases in Pol IV abundance. The reason for these different effects on Pol IV levels is currently under investigation. Nevertheless, the amount of Pol IV and the rate of adaptive mutation are not correlated in the different hup mutants, suggesting that the effects of the hup mutants on adaptive mutation are independent of the levels of Pol IV.
The decrease in Lac + adaptive mutation of hup mutant strains is not solely due to effects on Pol IV The results described above suggested that at least some of the effect of hup mutations on adaptive mutation is independent of Pol IV. To test this hypothesis, we examined the epistatic relationships between dinB and the hup mutant phenotypes. As shown in Figure 2B FOSTER et al. 1996; HARRIS et al. 1996) . This increase is mostly or entirely due to the increased levels of Pol IV that result from the low-level SOS activation in recG mutant cells (LAYTON and FOSTER 2003; LLOYD and BUCKMAN 1991) . As shown in Figure 3A , DhupA::Kn and DhupB::Kn alleles had little effect on adaptive mutation in a recG mutant strain. Although small decreases in adaptive mutation were detected in the recG Dhup double mutant strains, these differences were not statistically significant. As the immunoblot in Figure 3C shows, the Dhup alleles did not cause detectable changes in the amount of Pol IV in the recG mutant cells.
During the adaptive mutation experiment the recG hup double mutants had no survival defect;
indeed, some increase in the number of Lac -cells was detected ( Figure 3B ). These data support two alternative hypotheses: first, that hup mutations affect adaptive mutation via a mechanism that requires the presence of RecG; or, second, that the effects of hup mutations are masked in the recG strain by the high mutation rate due to elevated Pol IV levels.
To discriminate between these possibilities, we attempted to measure adaptive mutation in recG dinB hup triple mutants. Unfortunately, these experiments were not successful. Cells with all three mutations had severe growth defects in minimal liquid culture, reaching titers of only 10 7 to 10 8 c.f.u. per mL (versus 10 9 per mL for wild-type cells). Because single mutants, or any combination of double mutants (dinB hupA, dinB hupB, recG hupA, recG hupB, or recG dinB) exhibit no pronounced growth defect, it appears that the presence of all three mutations has a severe synergistic effect on fitness. The reason for this synthetic lethality is not clear at this time, but it suggests that these genes act together in a pathway required for optimal growth, at least in minimal medium. The triple mutants appeared to accumulate suppressors at a high rate, resulting in non-reproducible adaptive mutation and varied colony morphology.
Although analysis of a triple mutant was not possible, the individual epistatic relationships between the hup mutants and dinB and recG mutants strongly suggest that HU affects both Pol IV-dependent and Pol IV-independent adaptive mutation, and that RecG is required for this effect, at least when Pol IV is present.
The copy number of F' 128 is stable in hup mutants
Our current model for adaptive mutation requires some amount of episomal replication.
Thus, hup mutations could cause a decrease in adaptive mutation by perturbing episome replication, resulting in a reduced copy number of the lac target, or reduced levels of some episomal function required for maximal adaptive mutation. This possibility is supported by data showing that F plasmids in Salmonella typhimurium are 25-fold less stable in hupB mutant cells than in wild type cells or hupA mutant cells when selection for the plasmid is not maintained (HILLYARD et al. 1990) . Whether this result applies to E. coli has not been tested, but reconstitution of F plasmid replication from oriV in vitro with purified E. coli proteins required HU (ZZAMAN et al. 2004) . Purified HUab was used in these experiments, but it is possible that HUa2 or HUb2 could have functioned as well as HUab.
We used Southern blot analysis to determine if the F' 128 episome carried by FC40 is stable in hup mutants. Two episome-specific probes were used: one that hybridizes to a 1592 base pair EcoRV fragment of the traT gene, and one that hybridizes to a 2510 base pair EcoRV fragment of the lac region. A probe that hybridizes to a 794 base pair EcoRV fragment of the chromosomal dnaQ gene was used to normalize the episomal DNA to the chromosomal DNA. As shown in Figure 4 , the ratios of the intensities of the traT and lac bands to the intensity of the dnaQ band are similar in FC40 and the Dhup mutants. This result suggests that the copy number of F' 128 is stable in cells lacking one of the two hup genes and eliminates the possibility that a decrease in the copy number of the episome or the lac mutational target underlies the decrease in adaptive mutation in hup mutants.
Inactivation of hup genes does not affect rpoS expression or RpoS function
In E. coli HU is required for efficient translation of RpoS, the stationary phase sigma factor (BALANDINA et al. 2001) . Cells lacking rpoS have a low rate of adaptive mutation mostly because RpoS is required to maintain normal levels of Pol IV during stationary phase (LAYTON and FOSTER 2003; LOMBARDO et al. 2004 ). Therefore, we tested if hup mutations decrease adaptive mutation via an effect on rpoS expression or, possibly, RpoS activity. As shown in Table 2 , expression of b-galactosidase from an rpoS-lacZ operon fusion (rpoS'-lacZ + ) was not significantly affected but expression of b-galactosidase from an rpoS-lacZ protein fusion (rpoS'-lacZ ' ) was slightly decreased in the hupA::Cm mutant strain. It is unlikely that this 11% drop in expression of the protein fusion could explain the large decrease in adaptive mutation in the hupA::Cm background.
Because of duplicate antibiotic resistance markers, we could not test these lacZ fusions in the the hupB::Kn mutant strain. In addition, the fusions lack the site that controls RpoS protein stability (HENGGE-ARONIS 2002). Therefore we used additional methods to further explore the possibility of an RpoS-dependent effect. As shown in Figure 5A , immunoblotting demonstrated that the cellular levels of RpoS were not detectably changed in hupA::Cm or hupB::Kn mutant cells. These results suggest that the decrease in adaptive mutation in hup mutants is not due to an effect on the amount or expression of rpoS.
The hup mutations could affect the activity of RpoS instead of its amount. The E. coli chromosome encodes two catalase enzymes, HPI and HPII, encoded by katG, and katE respectively; the katE gene is tightly regulated by RpoS (SCHELLHORN 1995; SCHELLHORN and HASSAN 1988; TANAKA et al. 1997) . A defect in RpoS activity would reduce or eliminate katE expression, resulting in a decrease in the katE-encoded HPII catalase activity in cell-free extracts. KatE activity can be measured by using a semi-quantitative in-gel negative stain assay (CLARE et al. 1984; GREGORY and FRIDOVICH 1974; TOUATI et al. 1991) . As shown in Figure 5B , KatE activity (upper band) was absent in an rpoS mutant strain, but KatE activity was normal in the DhupA::Kn and DhupB::Kn mutant strains. In order to ensure that the KatE bands in Figure 5B were not saturated, obscuring smaller differences in KatE activity, serial 2-fold dilutions of the cell-free extract were tested in the same assay. As shown in Figure 5C , the amount of catalase activity was not decreased to any significant extent in either hup mutant.
Taken together, these results suggest that hup mutations do not affect adaptive mutation via a negative effect on rpoS expression or RpoS activity.
Inactivation of hup genes decreases spontaneous mutations due to Pol IV overexpression
When Pol IV is overexpressed in exponentially growing cells, the rate of spontaneous mutation can increase as much as 1000-fold (KIM et al. 1997 ). This growth-dependent Pol IVdependent mutation rate can be easily measured in strain FC722 (FOSTER 1997; STUMPF and FOSTER 2005) , that carries on the F' 128 episome a tetA allele with a +1 frameshift mutation that renders the cells sensitive to tetracycline (Tc S ). Like the frameshift that renders the F(lacIlacZ33) allele Lac -, the +1 frameshift in tetA is in a run of repeated G:C base pairs (FOSTER 1997) . Because of this similarity, the mechanism by which the two alleles are reverted by Pol IV is likely to be essentially the same at the DNA base level. However, unlike adaptive mutation, Tc R mutations occur during exponential growth when the episome and chromosome are being actively replicated.
Overexpression of Pol IV under control of the arabinose promoter on a multicopy plasmid (pBAD24-dinB) increased the reversion rate to Tc R in FC722 by about 20-fold relative to the strain carrying the empty vector ( Figure 6A ). In otherwise isogenic DhupA::Kn and DhupB::Kn derivatives of FC722, the spontaneous mutation rate in the presence of pBAD24-dinB was increased only about twofold. Immunoblots ( Figure 6A , top) revealed that the decreases in growth-dependent mutation are likely not due to decreases in the amount of Pol IV; in fact, the DhupB mutant actually shows a slight elevation in the level of Pol IV. When the mutant tetA allele was on the chromosome rather than on the episome, the hup mutant alleles 20 had a similar effect on the spontaneous mutation rate ( Figure 6B ). An immunoblot for Pol IV levels revealed a similar trend to that in Figure 6A .
These results suggest that the effects of the hup mutations on growth-dependent mutation rates are due to an effect on the mutagenic activity of Pol IV. To further test this possibility, growth dependent mutation rates were measured in FC722 derivatives lacking dinB. As shown in Figure 6C , when Pol IV is absent, inactivation of the hup genes resulted in decreases that were much smaller than observed for Pol IV-independent adaptive mutation ( Figure 2B ). This result further supports the hypothesis that when Pol IV is overproduced, most of the drop in growth-dependent mutation rate in hup mutants is due to a negative effect on Pol IV mutagenesis. However, as in the adaptive mutation experiments, the effects of the hup mutations on growth-dependent mutation are reduced, but not eliminated, in the absence of dinB, suggesting that hup mutations also affect growth-dependent mutation by a Pol IVindependent mechanism.
DISCUSSION
The precise mechanism by which adaptive Lac + reversions occur is still controversial (FOSTER 2004; ROSENBERG and HASTINGS 2004; ROTH and ANDERSSON 2004) ; however, in our model adaptive mutation in E. coli involves up-regulation of mutation rates during stressful conditions, thus increasing the possibility that fitness enhancing mutations may arise. The data presented here provide a new insight into the molecular pathway by which Lac + mutations arise during nutrient limitation. Specifically, we have demonstrated that the histone-like protein, HU, is involved in adaptive mutation in E. coli strain FC40.
Strains carrying null alleles of one of the two genes encoding HU protein, hupA or hupB, have decreased levels of adaptive mutation (Figure 1) . The hup mutations do not affect the 21 viability of the Lac -cells, and thus they must affect the mechanism by which adaptive Lac + revertants arise. HU is also involved in growth-dependent mutations, when Pol IV is expressed from a multi-copy plasmid (Figure 6 ). In addition, we ruled out the possibilities that the effects of hup mutations on adaptive mutation are due to a negative effect on the copy number of the episome or the lac mutational target (Figure 4) or to a decrease in rpoS expression (Table 2) or RpoS function ( Figure 5 ). Thus these alleles may express truncated forms of the subunits that retain residual function and negatively affect Pol IV levels by an unknown mechanism. In contrast, the strains carrying the DhupA::Kn and DhupB::Kn deletions are null alleles, and thus should reveal any effect that complete loss of an HU subunit has on the amount of Pol IV. One possible explanation for why the deletion mutants increase in the amount of Pol IV is that the SOS response is induced to some extent in the mutant cells. However, induction of the SOS response causes cell fiilamentation (HUISMAN et al. 1984) and microscopic examination of the hup mutant strains used in this study showed no filamentation in stationary phase cells (data not shown). Thus the SOS response is not induced to a level sufficient to induce filamentation and probably does not explain the increase in Pol IV in the DhupA::Kn and DhupB::Kn strains. Possibly small differences in HU composition affect an yet-unknown regulator of dinB. Nevertheless, the uncoupling of the amount of Pol IV from the level of adaptive mutation indicates that hup 22 mutations affect adaptive mutation independently of Pol IV.
Most adaptive Lac
Epistasis analyses reinforced the conclusion that the hup mutations have both Pol IVdependent and Pol IV-independent inhibitory effects on adaptive mutation (Figure 2 Figure   3 ). This result suggests that hup mutations normally reduce adaptive mutation by a RecGdependent pathway. Such an interaction would be interesting because the high levels of Pol IV and the resulting high mutation rates caused by recG mutations have prevented genetic analysis of the true role of the RecG helicase in adaptive mutation. RecG can process recombination intermediates independently of the major Holliday junction resolution complex, RuvABC (BRIGGS et al. 2004) . But cells mutant in ruvA, B, or C, are severely defective for adaptive mutation even with functional RecG (FOSTER et al. 1996; HARRIS et al. 1996) . Thus RuvABC is required to process the majority of the recombination intermediates that lead to clones that, when plated on a non-selective medium, will revert to Lac -by deamplification of the lac region (ROTH and ANDERSSON 2004) . While it was possible that the hup mutants inhibited the amplification pathway, we found that formation of unstable Lac + revertants was not impaired in hup mutants (data not shown). In addition, the amplification pathway is irrelevant to the tetA experiments (Figure 6 ) because under the conditions of this assay there is no selection for amplification.
In addition to their effects on adaptive mutation, the hup mutant alleles decreased growth-dependent Tc R mutations due to Pol IV-overproduction from a multicopy plasmid (Figure 6 ). The hup mutations did not substantially affect the amount of Pol IV (Figure 6 ) nor did they affect the plasmid copy number (data not shown). As described above, the frameshift mutation in the mutant tetA allele has a similar local sequence context as that in F(lacI33-25 lacZ); thus Pol IV activity at the sequence level is likely to be identical at the two mutational targets. The most significant difference in the two assays is that Tc R reversions arise when the cells are dividing and actively replicating their DNA. During DNA replication, the sliding b clamp is proposed to be responsible for polymerase switching under various conditions (BUNTING et al. 2003; LOPEZ DE SARO et al. 2003; NAKTINIS et al. 1996) . Overexpressing Pol IV will increase the probability that it gains access to the clamp at a stalled replication complex and continues DNA synthesis from the misaligned primer, an activity that it has been shown to possess (KOBAYASHI et al. 2002) . Pol III could then resume normal replication downstream. As Pol IV levels are unchanged in the hup mutants, one possible explanation for the decrease in the rate of Pol IV-generated frameshifts leading to Tc R reversion is that the absence of the HUab heterodimer restricts Pol IV access to these stalled replication complexes. A second possibility is that HUab is required in a downstream processing step during restart of replication after Pol IV activity. In either case, our results show an additional context in which the HUab heterodimer appears to have a unique function that is absent in the homodimers. About four times as much DNA was loaded for FC40 compared to the other strains. The difference in the ratios of lac to dnaQ and traT to dnaQ is likely an artifact resulting from differences in the labeling efficiency of the two probes. B. In-gel negative stain for katE (top band) encoded HPII catalase activity in wild type and hupstrains. 40 mg of total protein from FC40, PFG150, PFB610 and PFB611 was separated using non-denaturing polyacrylamide gel electrophoresis and stained for catalase activity (see
Materials and Methods).
The lower running band is HPI catalase, encoded by katG. 
